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the  incidence  of  mortality  and  the  survival  time  can  be  predicted  from  the 
severity  of  core  heating,  2)  work-related  factors  contribute  to  an  increased 
rate  of  heatstroke  death  at  low  thermal  loads,  and  3)  retrospectively,  both 
heat-sensitive  and  heat-resistant  individuals  v;ore  identified. 
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Rat  model  of  acute  heatstroke  mortality 


R.  W.  HUBBARD,  W.  D.  BOWERS,  W.  T.  MATTHEW,  F.  C.  CURTIS, 

R.  E.  L.  CRISS,  G.  M.  SHELDON,  AND  J.  W.  RATTEREE 

U.S.  Army  Research  Institute  of  Environmental  Medicine,  Natick,  Massachusetts  01760 


Hi'bbari).  R.  VV,,  VV.  D.  Bovvers,  W.  T.  .Matthew,  F.  C. 
Curtis,  R.  E.  L.  Criss,  G.  M.  Sheldon,  and  J.  W.  Ratteree. 
Hat  mode!  of  acute  heatstroke  inorta/itv.  J.  Appl.  Physiol.: 
Respirat.  Environ.  Exercise  Physiol.  42(6):  809-816,  1977.— A 
total  of  252  untrained,  unacclimatized,  and  unanesthetized 
laboratory  rats  weiuhins  between  485  and  545  ti  were  fasted 
and  either  run  to  exhau.stion  at  5,  20,  23,  or  26  C or  were 
restrained  and  heated  at  an  ambient  temperature  of  41.5'C. 
The  incidence  of  mortal'  y a.ssociated  with  a wide  range  of 
work-induced  hyperthermias  was  compared  to  the  lethality  of 
equivalent  heat  loads  in  the  absence  of  physical  effort.  The 
severity  of  hyperthermia  was  calculated  in  degree-minutes 
above  a ha.se-line  core  temperature  of  40.4°C.  The  LD..,'s  of 
run-exhausted  versus  restrained-heated  rats  were  16.8  and 
30.1  deg-min.  respectively.  Survivors  had  a faster  cooling  rate 
than  fatalities,  but  run-exhausted  survivors  had  a slower  cool- 
ing rate  than  re.strained-heated  survivors.  Results  indicate 
that  / ) both  the  incidence  of  mortality  and  the  survival  time 
can  lie  predicted  from  the  severity  of  core  heating,  2)  work- 
related  factors  contribute  to  an  increased  rate  of  heatstroke 
death  at  low  thermal  loads,  and  .3)  retrospectively,  both  heat- 
sensitive  and  heat-resistant  groups  were  identified. 

hyperthermia;  heatstroke  predisposition;  heatstroke  cooling 
rate;  degree-minutes 


HtSTORU'AU.Y,  THERE  HAVE  BEEN  tWO  opposing  vieWS 
regarding  the  pathophysiology  of  heatstroke  (2,  3,  10, 
11,  I.”),  27,  35,  36).  The  classical  work  and  concept  is 
generally  attributed  to  Malamud  et  al.  (26)  who  sug- 
gested that  heat  induced  direct  thermal  injury  to  a 
target  tissue,  i.e.,  the  thermoregulatory  centers  of  the 
brain,  which  resulted  in  a failure  of  sweating  and  ther- 
moregulatory control,  and  shock.  This  hypothesis  was 
at  variance  with  the  earlier  propKisal  of  Adolph  and 
F'ulton  (2),  who  believed  heatstroke  to  be  the  result  of 
circulatory  failure  also  leading  to  shiK'k.  Thus,  the 
breakdown  in  the  heat  regulatory  mechanism  and  the 
clinical  manifestations  (9,  12)  have  Iwen  attributed  to 
both  central  and  peripheral  mechanisms.  With  either 
hypothesis,  shiK'k  was  the  critical  end  point. 

Although  .Malamud's  attempts  to  demonstrate  struc- 
tural changes  in  the  portions  of  the  hypothalamus  con- 
cerned with  temperature  regulation  were  unsuccessful, 
evidence  of  acute  circulatory  failure,  such  as  hemor- 
rhage, edema,  and  vascular  engorgement,  was  observed 
in  virtually  all  cases  regardless  of  the  duration  of  illne.ss 
(26).  Death  within  24  h occurri-d  in  approximately  70'r 
of  the  ca.ses  and  the  presence  or  ah.sence  of  shock  was  the 
best  prognostic  index  since  the  outcome  usually  de- 
jR'nded  on  this  factor  (26), 


The  uncertainty  surrounding  the  central  or  periph- 
eral causes  of  heatstroke  (neural  versus  cardiovascular) 
is  evident  in  the  following  statement  by  Leithead  and 
Lind  (24);  "The  primary  physiological  failure  in  an  un- 
acclimatized man  suddenly  exposed  to  high  heat  stress 
probably  lies  in  the  failure  of  the  sweating  mechanism. 
But  it  is  also  true  that  in  such  conditions  any  heat 
disorder  that  develops  is  most  frequently  cardiovascular 
in  origin."  In  a recent  review,  Knochel  (18)  has  reem- 
phasized the  concept  that  hard  work  in  a hot  environ- 
ment may  lead  to  a serious  deficit  of  effective  arterial 
volume  and  profound  .shock  would  occur  were  it  not  for 
intense  .splanchnic  vasoconstriction.  Others  have  shown 
that  cutaneous  blood  flow  decreases  diastically  as  ex- 
haustion appears  during  exercise  in  the  heat  (6).  The 
diminution  of  cutaneous  blood  flow  with  exhaustive  ex- 
ercLse  in  the  heat  jeopardizes  the  ability  to  di.ssipate 
heat  from  the  skin.  For  example,  just  prior  to  exhaus- 
tion, running  rats  display  a dra.stic  drop  in  tail  tempera- 
ture that  coincides  with  an  explosive  rise  in  core  tem- 
perature (17).  A spiraling  increase  in  rectal  tempera- 
ture during  prolonged  physical  effort  has  been  ob.served 
in  humans  with  both  high  (19)  and  low  (1)  physical 
performance  characteristics.  This  could  be  attributed 
largely  to  a marked  reduction  in  cutaneous  blood  flow 
probably  reflecting  cardiovascular  overload  from  the 
combined  muscular  and  thermoregulatory  blood  flow 
demands,  coupled  with  the  effects  of  progressive  deh\’- 
dration. 

However,  the  extent  to  which  direct  thermal  injury  to 
tissue  and  circulatory  collapse  combine  to  produce  fatal 
heatstroke  shock  can  be  determined.  If  direct  thermal 
injury  to  tissue  is  the  primary  factor  in  the  pathogenesis 
of  heatstroke  shock,  then  the  work-induced  hyperther- 
mia of  running  rats  should  not  be  more  lethal  than 
equivalent  heat  loads  in  the  absence  of  physical  effort. 
For  this  reason,  the  mortality  assiK-iated  with  a wide 
range  of  thermal  exposures,  produced  by  either  work  at 
20-26'  C or  sedentary  exposure  to  41..5'C,  was  mea.sunxl 
in  a large  number  of  laboratory  rats. 

MATERIALS  AND  METHODS 

Experimental  animals.  Male  Sprague-Dawley  rats 
(Charles  River  CDstrainlofi'quivalent  ages  were  cagisl 
individually  in  an  environmental  chamlnT  maintainiKl 
at  26'C  and  49  -*  17'V  relative  humidity.  The  air  in  this 
chamber  (13  x 11  x 6 ft)  was  replaccxl  at  a rate  equiva- 
lent to  1.4  room  volumes  p<‘r  hour.  .All  rats  were  fed  a 
diet  of  Purina  chow  and  water  ad  libitum.  Rats  with 
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prefast  Ixxiy  weights  between  485  and  545  g were  fastt>d 
18-24  h before  use. 

Expert nii’ntal  stress.  Animals  were  either  exercised  to 
exhaustion  at  one  of  four  ambient  temperatures  (5,  20, 
211,  or  26‘C)  or  were  restrained  in  an  appropriate  sized 
wire  cafte  which  was  placed  in  a small  environmental 
chamber,  set  at  41.5‘'C  ambient,  until  their  core  temper- 
atures reached  a preselected  end  fK>int.  The  motor- 
driven  treadmill  was  similar  to  the  one  de.scribed  by 
Patten^ale  and  Holloszy  (28).  Riits  ran  up  a 6"  incline  at 
11  m/min  but  were  allowed  a 2-min  rest  pericxl  after  20 
and  40  min  of  work.  Exhau.stion  was  achievwl  under  a 
shock-avoidance  contingency.  It  was  defined  as  that 
pxiint  at  which  rats  could  not  keep  pace,  and  when 
placed  on  their  backs  would  not  right  thern.selves. 

Temperature  measurement.  Core  temperatures  (rec- 
tal probe  inserted  6.5  cm)  were  measured  using  copper/ 
con.stantan  thermocouples  in  conjunction  with  a ther- 
mocouple reference  oven  ( Acromag  model  840)  and  a 10- 
channel  data  acquisition  system  (Esterline-Angus 
model  D-2020)  with  a teletype  printout.  After  reaching 
exhaustion  or  a predetermined  core  temperature,  all 
rats  were  monitored  at  26“C  ambient  while  resting  in 
plastic  cages  lined  with  wood  shavings.  After  recovery, 
animals  were  returned  to  their  cages  (26"C)  and  allowed 
water  but  no  fcxid  for  24  h. 


Cah  ulations.  The  LDr,<i  was  e.stimatixl  by  the  methcxl 
of  Reed  and  .Muench  (89)  and  the  standard  error  by  the 
prix-edure  of  Pizzi  (89).  Significance  testing  was  carried 
out  by  using  tbe  Student  /-test.  P values  0.05  are 
omitted  from  the  tables.  Work  done  was  calculated  from 
the  formula 

kg-m  Ixxly  wt  (kg)  x running  time  (min)  x treadmill 
speed  (m/min)  x inclination  of  treadmill  (sin) 

Core  temperature  was  measured  at  6 minute  intervals 
and  thermal  area  was  calculated  when  core  tempera- 
ture exceedexl  40.4"'C  using  the  fonnula 

thermal  area  (deg-min)  i.  time  interval  (min)  x ' ■> 
rC  above  4().4"C  at  start  of  interval  + °C  above  40.4°C  at 
end  of  interval] 


RESULTS 

The  .severity  of  hyperthermia  was  calculate*d  as  an 
area  in  de'gre'e-minutes  above  a base-line  core  tempera- 
ture of  40.4°C.  This  base  line  repre'sents  the  minimum 
observexl  core  temperature  of  exhauste*d  rats  which  pro- 
ducexl  death  within  24  h (16).  The  relationship  betwi'en 
the  .severity  of  hyperthermia  and  rat  survivability  is 
depicted  in  Fig.  1.  This  hi.stogram  represents  the  rt>sults 


TOTAL  AREA  ABOVE  40.4°C  lOEGREES  X MINUTES) 

rTo  1 R«'lnli<ins)iip  Im’Ivmm'Ii  scvitiIv  of  hv|><'rll)rrmi;i  ini-iisiiivd  to  ii  rci'ovcre  i hainlu  r al  Jti  ('  ainliirnl  WaU  i . lait  nut  (i«h(.  wa- 
in Hl■Kr<•l•■lmnul^•s  and  rat  siirvivalnlilv  Kill.-  wire  niltn'r  run  In  -iipplird  ad  lilntmn  aOiT  l)ir  cnn.  lrtM|s  ralnrr  ri'tnnn-l  In  Is  lnw 
cxtiauslion  at  .5,  20.  2.1,  or  2t>'(’  or  pa.sKividy  healed  while  n'strained  40  4 (' 
at  an  anihient  of  4t  .VC  After  ninninK  nr  healinu.  ral«  were  removed 
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from  252  rats  either  run  to  exhaustion  at  5-  20,  23,  or 
26‘C  or  passively  heated  while  restrained  at  an  ambient 
of‘41.5"C.  A number  of  observations  should  be  noted:  I) 
mortalities  (XTurred  following  exhaustive  work  over  the 
entire  range  of  individual  hypterthermias  from  baseline 
levels  to  185  deg-min,  2)  with  passive  heating,  mortali- 
ties were  not  observed  below  a thermal  area  of  20  deg- 
min,  and  .3)  no  rat  enduring  a thermal  area  above  125 
deg-min  survived. 

The  data  from  Fig.  1,  when  plotted  as  percent  mortal- 
ity versus  hyperthermic  area,  generated  the  two  dose- 
response  curves  seen  in  Fig.  2.  These  curves  demon- 
strate (i)  a continuum  of  increasing  incidence  of  death 
with  increasing  severity  of  hyperthermia,  i.e.,  the  exis- 
tence within  this  population  of  both  heat-sensitive  and 
heat-resistant  animals  (for  example,  there  is  an  appar- 
ent 14-fold  difference  in  heat  tolerance  between  an  ex- 
hausted animal  that  succumbs  to  a 5-deg-min  exposure 
and  one  that  survives  over  120  deg-min  of  hyperthermia 
( Fig.  1));  M a dis.sociation  of  the  effects  of  heat  plus  work 
from  the  effects  of  heat  alone,  i.e.,  an  experimental 
demonstration  that  the  hyjierthermia  induced  by  work- 
ing to  exhaustion  can  be  lethal  to  some  individuals 
while  enduring  an  equivalent  heat  load  at  rest  is  not; 
and  c)  an  objective  method  of  classifying  the  severity  of 
hyperthermia  ba.sed  upon  the  incidence  of  mortality 
within  the  total  population.  Thus,  each  animal  was 
retrospectively  assigned  to  one  of  five  groups  (Table  11 
whose  limits  were  described  by  intervals  in  degree- 
minutes  along  the  dose-response  curve;  1)  2) 

-3)  LD-„,  4)  uod  5 ) LD,,i_|„„.  The  LD,,, 

was  chosen  as  a limit  because  it  represents  o)  the  point 
where  the  two  dose-response  curves  converge  (Fig.  2) 
and  h)  the  approximate  midpoint  in  the  total  range  of 
thermal  exposures.  This  classification  makes  it  possible 
to  compare  / 1 groups  of  run-exhausted  and  restrained- 
heated  rats  whose  reaction  to  experimental  treatment 
resulted  in  a similar  probability  of  death  and  2)  to 


compare  survivors  versus  fatalities  over  a wide  range  of 
thermal  exposures. 

The  results  in  Table  1 contrast  the  resolution 
achieved  between  groups  by  measuring  either  the  inten- 
sity or  duration  of  hyperthermia  compared  to  the  mea- 
surement of  hyperthermic  area  in  degree-minutes.  As 
formerly  reported  (16),  the  significant  differences  be- 
tween the  temperatures  at  exhaustion  of  f’roups  1-5 
reflect  the  continuum  of  increased  mortality  with  in- 
creased core  temperature  at  exhaustion.  The  average 
work  done  by  the  rats  in  groups  1-4  w'as  similar  and 
only  slightly  less  than  that  achieved  by  group  5.  The 
total  work  done  by  the  run-exhausted  rats  is  thus  a 
constant  contributing  factor  up  to  a 95‘7i  incidence  of 

TABLE  1.  Comparison  of  heatstroke  risk 
factors  based  on  incidence  of  mortality 
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mortality.  In  contrast  to  the  run-exhausted  animals,  the 
lack  of  sij'nificant  differences  in  core  temperatures  be- 
tween heated  A'rowp.s- 2 and.'l.as  well  as^’rfjMp.s  .'1  and-/, 
indicates  the  limited  usefulne.ss  of  this  criterion  for 
predicting  the  incidence  of  mortality  with  sedentary, 
heated  animals.  Furthermore,  the  total  time  the  core 
temperature  remains  elevated  above  40.4°C  has  even 
less  usefulness  in  predictinit  death  within  24  h.  In  only 
one  case  [^roup  I ),  does  the  duration  of  temperature 
elevation  di.stinguish  between  run-exhausted  and  re- 
strained-heated rats.  In  contrast  to  either  the  duration 
or  intensity  of  body  heatinR  considered  singly,  the  se- 
verity of  core  heating  metisured  as  a hyperthermic  area 
in  degree-minutes  above  a baseline  core  temperature  of 
40.4°C  clearly  defines  the  increased  heat  stre.ss  {proup  1 
vs.  primp  2.  etc.)  associated  with  the  increased  mortal- 
ity in  lx)th  run-exhausted  and  restrained-heated  rats. 
Moreover,  within  each  mortality  range  ipnmps  I and 2, 
etc.),  hyperthermic  area  analysis  will  differentiate  be- 
tween run-exhausted  and  restrained-heated  rats.  It 
should  also  be  noted  that  both  the  run-exhausted  and 
restrained-heated  animals  in  primp  n were  exposed  to 
double  the  amount  of  body  heating  received  hy  primp  4 . 

In  contrast  to  Table  1 which  describes  the  entire 
heating  and  cooling  curve.  Table  2 contains  the  data 
separating  the  whole  curve  into  two  parts  with  the  end 
of  running  (EOR)  or  heating  (EOH)  as  the  midpoints. 
The  EOR  represents  the  point  of  exhaustion  and  the 
EOH,  the  end  of  heating  producing  a range  in  core 
temperatures  from  41.4  to  42.6°C.  Within  both  run- 
exhausted  and  restrained-heated  primps  1-4,  the  two 
halves  of  each  area  were  nearly  identical.  In  both  run- 
exhausted  and  restrained-heated  primp  5,  the  cooling 
area  was  significantly  greater  than  the  heating  area.  In 
spite  of  this,  the  heating  areas  as  a mean  percentage  of 
the  total  areas  for  run-exhausted  or  restrained-heated 
primps  1-5  were  49  ± 8 and  46  ± , respectively.  This 

indicates  that  a)  in  general,  the  heating  and  cooling 
portions  of  the  total  hyperthermic  curve  are  nearly 
equal  under  these  conditions  and  b)  significant  heat 


injury  can  occur  after  exhau.stion  and/or  withdrawal 
from  the  heat. 

In  both  the  running  and  heating  experiments,  groa/w 
I and  5 represent  extreme  positions  along  the  contin- 
uum from  low  to  high  thermal  exposures.  By  contra.st- 
ing  the  restrained-heated  primps  1-5,  the  following 
trends  were  evident;  both  the  heating  and  cooling  times 
were  longer  in  groups  with  greater  thermal  area.  As  a 
result,  heating  and  cooling  rates  were  the  slowest  in  the 
group  with  the  highest  thermal  exposure  [primp  5).  On 
the  other  hand,  the  individual  variability  in  the  shape 
of  the  heating  curves  for  run-exhausted  rats  masked 
any  trend  in  running  time  or  heating  rates  with  in- 
creased thermal  area.  Run-exhausted  rats  in  primp  5, 
however,  had  significantly  longer  cooling  times  and 
slower  cooling  rates  than  primp  1 . Both  the  run-ex- 
hausted and  restrained-heated  animals  of  primp  5 had 
identical  cooling  times  and  rates.  These  groups,  there- 
fore, represent  a point  where  the  effects  of  high  thermal 
stress  appear  to  make  the  response  of  both  run-ex- 
hausted and  restrained-heated  rats  similar. 

The  relationship  between  core  temperature,  cooling 
rate  and  survival  for  the  combined  primps  1 -5  is  shown 
in  Table  3.  In  confirmation  of  previous  results  (17), 
when  all  run-exhausted  survivors  and  fatalities  are  sep- 
arately pooled  into  two  large  groups  which  include  a 
wide  range  of  core  temperatures,  the  fatalities  have  a 
higher  core  temp>erature  at  exhaustion  than  survivors. 
As  indicated  by  Fig.  3,  however,  this  distinction  disap- 
p)ears  when  one  compares  the  core  temperatures  of  both 
survivors  and  fatalities  within  a narrow  range  of  ther- 
mal exposure.  In  9 of  10  cases  within  these  prescribed 
intervals,  neither  the  intensity  of  hyperthermia  (Fig.  3) 
nor  the  hyperthermic  area  in  degree-minutes  (not 
shown)  will  distinguish  between  potential  survivors  and 
fatalities.  These  results  appear  in  contradiction  to  the 
data  in  Table  3.  However,  there  are  two  explanations  for 
this:  o)  the  means  presented  in  Fig.  3 are  i.solated  ac- 
cording to  narrow  ranges  in  thermal  exposure  (this 
eliminates  the  grosser  comparison  of  all  survivors  with 


TABLE  2.  Cimipiirisnn  of  hcatinp  anil  coolinp  limes,  rates  anil  areas  baseil  on  ineiilenee  of  mortality 
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all  fatalities  which  effectively  masks  the  existence  of 
hath  heat -sensitive  and  heat  resistant  individuals);  and 
h)  the  dose-response  curves  of  core  tempc>rature  or  hy- 
pt'rthermic  area  versus  percent  mortality  indicate  only 
the  prohahility  of  death  hut  not  who  will  succumb. 

The  coolinjj  rate,  measured  during;  the  first  30  min  of 
recovery,  was  more  selective  than  core  temperature  (Ta- 
ble 3).  Survivors,  in  restrained-heated  /-.3  and 

in  run-exhausted  i'roa/) had  significantly  faster  cool- 
ing rates  than  fatalities  (not  shown).  The  mean  cooling 
rates  for  the  survivors  and  fatalities  in  the  combined 
groups  I -n  are  shown  in  Table  3.  Survivors,  in  general, 
had  a faster  cooling  rate  than  fatalities;  but  run-ex- 

TAiu.E  3.  Hchitio/iship  Iwlu  ccn  core  tcmpvraturc , 
coolinp  rale,  cwtl  siirrirttl  of  run  tiinl  heated  rats 
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hau.stcd  survivors  had  a slower  cooling  rate  than  re- 
.strained-heated  survivors. 

Finally,  Table  4 indicates  approximately  when  the 
animals  died  as  the  mortality  rate  increased  with  in- 
creasingly severe  thermal  exposures  [proups  I-d). 
Within  run-exhausted  groap.s  1-4,  less  than  20'r  of  the 
fatalities  occurrixl  before  the  core  temperature  returned 
to  40.4"’C  and  the  greater  majority  occurred  overnight. 
In  run-exhausted  gro(//)  ,5,  however,  70'')  of  the  animals 
died  during  prolonged  or  secondary  hyperthermia  and 
una.ssistcxl  cooling  at  26  C was  completely  inelTective. 
Essentially  the  same  pattern  was  observi>d  in  re- 
.strained-heated  rats  with  proup  4 Ix'ing  a transitional 
stage. 


TAiu.E  4.  Chanpe  in  pattern  of  survival  time  ivith  in- 
ereasinp  thermal  stress 
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The  extent  to  which  direct  thermal  injury  and  work- 
related  (actors  combine  to  pnxluce  the  pathophysiolofiy 
of  fatal  heatstroke  has  not  been  experimentally  defined 
due  to  the  lack  of  an  appropriate  model.  The  widely  held 
belief  that  cessation  of  sweatinji  is  a cardinal  siffn  of 
heatstroke  (22)  has  a priori  prevented  the  use  of  non- 
sweating  animal  models.  Although  there  is  considerable 
evidence  that  a breakdown  of  heat  dissipatiiifj  mecha- 
nisms and  a lack  of  sweating  may  precipitate  heatstroke 
(4,  5,  20,  22,  27),  there  are  al.so  numerous  reports  of 
heatstroke  accompanied  by  profuse  sw'eating  1 14,  20,  20- 
22,  28).  The  more  general  concept  that  either  damage  or 
overload  to  a heat  dissipating  mechanism  can  result  in 
excessive  body  temperature  and  heatstroke  (24)  has  re- 
•sulted  in  the  development  of  both  rat  and  dog  iiKKiels  (7, 
17,  29).  The  purpose  of  this  research  has  been  to  refine 
the  u.se  of  the  rat  model  as  a research  tool  and  to 
measure  the  extent  to  which  work  factors  contribute  to 
heat,stroke  death. 

In  their  recent  review  on  heatstroke  (22),  Shibolet  et 
al.  have  emphasized  that  the  effect  of  heat,  like  other 
physical  agents,  is  determined  by  both  its  intensity  and 
duration.  This  concept  was  employed  by  Shapiro  et  ;d. 
(29)  in  developing  a dog  heat-stroke  niodel.  Thermal  load 
was  measured  as  the  area,  in  degree-minutes,  of  core 
heating  above  an  a.ssigned  ba.se  line  of  42‘'r.  The  choice 
of  base  line  is  determined  by  the  minimum  observed 
lethal  temperature.  In  our  experience,  this  temperature 
for  rats  is  near  40.4‘’r.  The  superior  re.solution  of  this 
measurement  over  either  the  duration  or  the  intensity 
of  hyperpyrexia  is  seen  in  Table  1.  These  results  provide 
experimental  evidence  that  both  the  incidence  of  mor- 
tality as  well  as  the  survival  lime  (Table  4)  can  be 
predicted  from  the  severity  of  the  heat  stress  measured 
in  degree-minutes.  Thus,  any  attempt  to  liniil  either  Iht' 
intensity  or  duration  of  the  hy|X'rthermia  should  reduce 
the  death  rate.  This  has  been  clearly  demonstrated  in 
South  Africii,  where  the  incidence  of  fatal  heatstroke 
was  reduced  by  the  early  application  of  therajX'Utic 
cooling  (40).  However.  Table  1 ;dso  shows  a 10-fold 
difference  in  hyperthermic  area  between  the  run-ex- 
hau.sted  rats  of  grot//)  / and  the  run-exhausted  rats  of 
ffrnupti.  Obviously,  certain  animals  can  withstand  tre- 
mendous heat  stress  before  collapsing  whereas  others 
cannot.  Since,  in  both  ca.ses,  exhttusfion  is  the  end 
point,  these  results  indicate  why  in  .some  cases  the  most 
fit,  highly  motivated  individuals  often  suffer  the  sever- 
est heiit  injury  (18.  22).  Linder  these  circuntstances,  the 
point  of  collapse  d(x*s  not  ensure  similar  chances  of 
survival  amongst  different  individuids.  Furthermore, 
there  is  a small  percentage  of  the  population  that  will 
succumb  to  low  heal  loads  ipniiip  /)  and,  conversely,  a 
small  group  that  can  withstand  twice  the  thermal  load 
thiit  is  lethal  to  7.5'V  of  the  iX)pulittion  [proiip  ,j  vs. 
protip  ■/). 

In  this  regard,  recent  reviews  (18.  22)  have  com- 
mented on  the  ditficulty  in  defining  exactly  when  Ixxly 
tempeniture  is  "t(X)  high,"  what  degree  and  duration  of 
hyixTthermia  pnxiuces  'iijury,  and.  by  infereiux’,  what 
is  the  ;iss(x'iated  risk.  For  example,  (’arson  and  Webb 


(8)  describwi  14  cases  of  heat  illne.ss  in  fit,  young  Kng- 
lish  soldiers  following  sustaincxl  physical  etfort.  Sweat- 
ing was  noted  in  nine  patients,  five  were  considered  to 
have  suffered  heatstroke  and  yet  the  earliest  recorded 
body  temperatures  averaged  only  29.8  i 1.2  ('.  In  the 
rat,  as  in  man  (2.5),  a core  temperature  of  40.4  ('  or 
higher  can  be  lethal  to  some  individuals.  .Although  in 
the  run-exhausted  animal  there  is  go(xl  agreement  be- 
tween core  temperature  and  mortality  rati's,  this  is  a 
special  case.  In  the  sedentary-heatiKl  condition,  it  is 
only  the  amount  of  body  heating  in  degree-minutes  that 
defines  the  incidence  of  mortality.  Thus,  in  reality, 
eleviited  core  temperatures  only  describe  a zone  of  po- 
tential danger  and  surely,  ignoring  cases  of  borderline 
hyperpyrexia,  will  result  in  unexpectixi  de;tths.  This  is 
especially  true  if  the  duration  of  the  hyperthermia  is 
unknown  and  work  is  a factor. 

The  ability  to  compare  individual  su.sceptibility  to 
heat-induced  mortality  based  on  the  degree  and  dura- 
tion of  hyperthermia  has  priKluced  two  new  insights. 
First,  examination  of  Fig.  2 emphasizes  thi'  existence  of 
both  heat-sensitive  and  heat-resistant  animals  over  the 
entire  range  of  comparable  thermal  exposun-s.  These 
data  and  the  pattern  in  survival  times  de.scribed  m 
Table  2 suggest  that  the  pathophysiology  of  fatalities  in 
protip  I might  be  difi'erent  from  that  in  pnnip  ,).  Fur- 
thermore, by  this  methiKl  of  retrospective  analysis  and 
by  comparing ,groa/»  / and  grow/)  .■■)  survivors,  it  shoidd 
be  possible  to  determine  which  noncritical  biochemical 
or  physiological  factors  incrt'a.se  w ith  thermal  load  indi>- 
pendently  of  mortality  rat»‘s.  ('onversel\ , by  examining 
pniiip  I mortalities,  it  should  be  (xissible  to  determiiu' 
which  vital  biochemical  or  physiological  factors  change 
rapidly  in  .some  su.sceplible  individuals  with  a low  ther- 
mal load.  Thus,  it  shoidd  be  (xissible  to  carry  the  analy- 
sis of  heatstroke  beyond  the  dose-ri'Si>onse  ridat ionshu) 
indicating  "how  many"  could  die  to  the  point  of  resolx  - 
ing  for  the  clinician  "who"  could  die  and  why. 

Si'cond.  as  recently  revieweii  l.22i,  temiX'rat ures  sutTi- 
cient  to  priKluce  heatstroke  can  be  reached /)  act  ivel\  b\ 
physical  exerci.se;!’)  passively,  by  gaining  heat  Irom  the 
environment;,!)  following  deterioration  of  heat  dissipa- 
tion; or-/)  by  a combination  of  these  However,  as  pre- 
sented in  the  intnxiuction.  w hen  the  react  ivi-  hytx-remia 
of  work  is  added  to  the  burden  of  sujx'rficial  dilatation 
provoked  by  hx  fX'rthermia,  an  inten.se  splanchnic  va.so- 
constriction  must  occur  or  shock  would  intervene.  .-\s 
shown  by  the  mortality  data  in  Fig.  2 and  Table  I,  tins 
combintition  of  heat  plus  work  is  much  mori-  dangerous 
at  low,  comparable  thermal  loads  than  is  acute  exjiosure 
to  excessive  heal  at  rest.  The  proposed  series  of  events 
leading  to  profound  peripheral  va.scular  collapse  under 
the.se  conditions  has  been  describiHl  by  Daily  and  Harri 
son  (9).  In  this  regard,  the  cooling  rate  of  run-exhausted 
survivors  (Table  2)  is  significantly  less  than  restrained- 
heated  survivors.  This  may  indicate  an  increa.sed  rate  of 
heal  pnxiuction  or,  more  likelv  . serious  impairment  o" 
cardiovascular  function  in  beat  dissipation  mecha- 
nisms. 

.•\ddil ionally.  with  this  miKiel  it  seems  possible  to 
evaluate  the  work  conuxinenl  of  heat  illness  in  a wax 
consistent  xvith  the  hy|X'rthermic  area  concept  of  tber 
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mal  stress.  The  difference  in  thermal  areas  (40.4°C  to 
EOH  or  EOR,  Table  2)  in  degree-minutes  (heated  minus 
run)  within  each  group  of  Table  2 uj  an  estimate  of  the 
thermal  equivalency  of  work  stress.  Since  no  fatalities 
(K'curred  below  a core  temperature  at  exhaustion  of 
40.4°C,  only  work  done  above  this  threshold  core  tem- 
perature should  be  relevant  to  the  calculation  of  a de- 
gree-minute per  kilogram-meter  factor.  The  value  of 
this  ratio  under  these  experimental  conditions  was  cal- 
culated to  be  0.44  ±0.11  deg-min/kg-m  of  work  above  a 
core  temperature  of  40.4°C.  The  use  of  this  factor  may 
( allow  the  direct  addition  of  work  stress,  expressed  in 

t . degree-minutes,  to  the  thermal  stress  in  order  to  predict 

and  test  their  combined  effects  on  mortality  rates  or 
tissue  injury  in  various  experimental  paradigms. 

Finally,  caution  demands  that  this  experimental  at- 
tempt to  quantitate  and  defne  the  cause  of  heartstroke 
death  must  be  regarded,  simultaneously,  as  a toxicolog- 
ical approach  to  the  lethal  interactions  of  multiple  envi- 
ronmental and  physiological  stressors.  In  reality,  these 
dose-response  curves  represent  a hierarchy  of  stress 
effects  combining  electrical  stimulation,  exercise  to  ex- 
haustion and  hyperthermia  on  the  one  hand,  and  re- 
straint and  hyperthermia  on  the  other.  Although  it  is 
recognized  that  restraint,  per  se,  is  a stressor  (13,  21), 
we  have  never  observed  death  within  24  h as  a result  of 
shori-term  restraint  alone.  Likewise,  animals  exercised 
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to  exhaustion  at  all  survive,  run  longer,  do  more 
w'ork  (+85^),  and  presumably  receive  more  electrical 
stimuli  than  animals  exhausted  at  or  near  room  tempt*r- 
ature  ( 16,  17).  Therefore,  we  suggest  a ) the  convergence 
of  the  two  dose-response  curves  indicates  that  hyp€‘r- 
thermia  is  the  predominant  forcing  function,  but  h)  at 
low,  comparable  thermal  loads,  work  plus  hyperthermia 
is  more  lethal  than  hyperthermia  alone.  These  sugges- 
tions do  not  preclude  the  possibility  that  measurements 
other  than  the  incidence  of  mortality  would  be  more 
stress  specific  than  stress  related. 

Tht*  author'^  art*  ^raU'ful  for  tho  as.'iUUinci*  in  daUi  analysis  hv 
Ms,  In^^rid  Sils  and  t\)r  tht*  preparation  of  tht*  manuscript  hy  M's. 
Sandra  Reach  and  .Mrs.  A.  Debra  (^aruso 
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